INTRODUCTION
In face of increasing water stress on the global scale, it is important to improve understanding of hydrological mechanisms underlying ecological patterns and processes (Rodriguez-Iturbe 2000, Zalewski 2000 . On the one hand, climate and soil control the vegetation dynamics; while on the other hand, vegetation exerts important control on the overall water balance and is responsible for many feedbacks with the atmospheric system (RodriguezIturbe et al. 2001) . Precipitation and evapotranspiration are regarded as the most important variables to diagnose climate change and reveal the environmental response to climate change on the basin scale , Cannarozzo et al. 2006 , Liu et al. 2008 . The temporal-spatial patterns of precipitation and evapotranspiration influence the eco-hydrological processes, which control the evolution of surface ecosystems (Cannarozzo et al. 2006 , Oguntunde et al. 2006 , McVicar et al. 2007 , Zhan et al. 2008 . This type of inquiry is fundamental to understand the coupling existing between ecosystem dynamics and the water cycle (Porporato and Rodriguez-Iturbe 2002, Rodriguez-Iturbe and Porporato 2005) , which is important to explore the water needs of ecosystems and to optimize water resources allocation and management (Yang et al. 2005) . Estimation of water needs must be adjusted to the atmospheric demand, which is related to the climatic conditions.
To deal with these issues, ET ref was proposed by the United Nations Food and Agriculture Organization (FAO) for computing crop evapotranspiration, combined with crop coefficients (Allen et al. 1998, Jabloun and Sahli 2008) . The ET ref is defined as "the rate of evapotranspiration from a hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m -1 and an albedo of 0.23, closely resembling the evapotranspiration from an extensive surface of green grass of uniform height, actively growing, well-watered, and completely shading the ground" (Allen et al. 1998) . Now, ET ref is regarded as one of the most important hydrological variables for scheduling irrigation systems, preparing input data to hydrological water-balance models, and calculating actual evapotranspiration for a region and/or a basin (Xu and Singh 2002 , Xu and Li 2003 , Gong et al. 2006 , Kannan et al. 2007 , Yin et al. 2008 , Zhou et al. 2009 ). Furthermore, to obtain useful information for water resource regulation and management, accurate spatial and temporal patterns of ET ref are also needed (Xu et al. 2006a) . Xu et al. (2006a Xu et al. ( , 2006b ) investigated the spatial distribution and temporal trends of ET ref in the Changjiang (Yangtze River) Basin. The research showed that the highest and lowest values for ET ref occurred in the upper region and in the middle region of the basin, respectively, and a significant decreasing trend was detected in ET ref for the whole catchment because of a significant decreasing trend in net total radiation and, to a lesser extent, a significant decrease in the wind speed.
Considering the influence of topography and land-surface conditions on the forcing variables, McVicar et al. (2007) used an "interpolate-thencalculate" approach to obtain spatially-distributed ET ref , and their results demonstrated that the distribution of monthly ET ref with high spatial resolution can be spatially modelled while taking into account the influence of topography. In order to explore the spatial distribution of temporal trends on the basin scale, it is most important to understand the mechanism of interaction between climate, vegetation and hydrological processes, and to forecast the hydrological processes using hydrological models (Yao and Creed 2005) . This can provide useful information to optimize the water resource management and maintain the ecosystem integrity. However, investigating the spatial distribution of temporal trends in ET ref time series still remains a difficult task due to their complex and nonlinear nature in different regions, and relatively little research has been conducted on it (Cohen et al. 2002 , Xu et al. 2006a , McVicar et al. 2007 . 
STUDY AREA
The Yellow River is about 5400 km long with a drainage area of 7.95 × 10 5 km 2 (Fig. 1) . It directly supports a population of 107 million people (McVicar et al. 2007) . Originating from the Tibetan Plateau, the river flows through the Loess Plateau and North China Plain, and runs into the Bohai Sea. From the headstream to the estuary of the Yellow River, the watershed characteristics vary with the changes in topography and elevation. The area from upstream to Lanzhou, well covered by vegetation, is the main source of water resources, and about 54% of the river runoff is from this region (Jia et al. 2006 ). The headwater part of the Yellow River Basin, in particular, is covered by snow and frozen soil throughout the whole year. As the river flows through the Loess Plateau, most of the erosion is produced by the rainstorms that frequently occur in the flood season, combined with the loose soil texture and sparse vegetation in this region (Jia et al. 2006) . As a result of high erosion rates from the Loess Plateau and the continuous presence of levees and dykes, the wellknown suspended river has formed in the lower reach of the YRB-the bottom of the river bed is, in places, 20 m above the surrounding land surface (Li 2003) . As most of the basin is located in arid and semi-arid regions, precipitation is concentrated in intense, but infrequent, storms (Yu 2002) . The increase in agricultural and industrial water use, combined with a decrease in precipitation, has contributed to the decrease in runoff and drying-up in the YRB (Liu and Cheng 2000 , McVicar et al. 2002 , Liu 2004 , Cong et al. 2009 ). According to Liu et al. (2008) , precipitation in the YRB presented decreasing trends at most stations during 1961 investigated the causes of drying up of the Yellow River and found that this can be attributed to the processes of precipitation and evaporation, as well as irrigation. Cong et al. (2009) found the simulated natural runoff follows a similar trend to the precipitation in the YRB during the last half century, and this implies that changes in the natural runoff are mainly controlled by the climate variability and change rather than land-use change. Chen et al. (2006) Changes in wind speed and, to a lesser degree, in relative humidity were found to be the most important meteorological variables affecting P-M ET ref trends on the Tibetan Plateau while changes in sunshine duration played an insignificant role.
DATA AND METHOD

Data
The time series of the monthly records of air temperature, wind speed, sunshine hours and relative humidity for the period 1961-2006 at 89 meteorological stations in the YRB, China were used in this study. The data were provided by the National Climate Centre (NCC) of the China Meteorological Administration (CMA). The location of the stations in YRB is shown in Fig In order to have a rough idea on the climate of the study region, the basin was divided into three parts, mainly according to the topography and elevation ( The mean monthly values of the major meteorological variables were plotted ( Fig. 2) for the upper, middle, and lower regions, and the whole basin. The variations in the meteorological variables indicate that: (a) the monthly variation of air temperature in the lower region is greatest, followed by that in middle and upper regions; (b) the relative humidity is higher in the lower region than in other regions in all months except for June, and the maximum relative humidity occurs in the period July-September in the basin; (c) the maximum wind speed occurs in April for all regions, and wind speed is higher in the lower region than that in other regions; and (d) sunshine hours present a similar pattern in the middle and lower regions with a maximum value occuring in June, but the value is relatively higher in April, August and November in the upper region of the YRB.
METHOD The Penman-Monteith method
The P-M method is a physically-based model for estimating ET ref , which explicitly incorporates both radiative and aerodynamic parameters (Xu et al. 2006a , McVicar et al. 2007 . It has been accepted as the most accurate method to estimate the ET ref for its better results when compared with other equations in various regions of the world (López- Urrea et al. 2006) , and recommended by the FAO as the best method to determine ET ref (Allen et al. 1998) . The P-M method (equation (1)) was selected to estimate ET ref in this study:
where ET ref is the reference evapotranspiration (mm d -1 ), R n is the net radiation at surface (MJm -2 d -1 ), G is the soil heat flux density (MJm -2 d -1 ), T is the mean daily air temperature at 2 m height ( • C), u 2 is the wind speed at 2 m height (m s -1 ), e s is the saturation vapour pressure (kPa), e a is the actual vapour pressure (kPa), e s -e a is the saturation vapour pressure deficit (kPa), is the slope of the vapour pressure curve (kPa • C -1 ), γ is the psychrometric constant (kPa • C -1 ). If the time-step of all data is monthly then the resultant ET ref is provided with units of mm month -1 (Allen et al. 1998 , McVicar et al. 2007 . One can calculate and R n from the following equations:
where, n is the actual duration of sunshine hours; N is the potential sunshine hours; and R a is the extraterrestrial solar radiation (MJ m -2 d -1 ). The kriging method is a technique of making optimal, unbiased estimations of regionalized variables at unsampled locations, and has been preferred by researchers particularly when applied to data obtained from a low-density and irregularly spaced network (Goovaerts 2000 , Campling et al. 2001 , Xu et al. 2006a , Basistha et al. 2008 . The description of kriging theory and its application can be found in Journel and Huijbregts (1978) . The general equation of kriging estimator is:
where x denotes the set of spatial coordinates (x, y); and λ i is the weight associated with the ith observation point, x i .
Temporal trends
In order to test the significance of the trend existing in ET ref series, both the non-parametric M-K method and the linear regression model were performed. The non-parametric M-K method is used to detect abrupt climate change against trend (Mann 1945 , Kendall 1948 , and has been widely used and tested as an effective method to evaluate the presence of a statistically significant trend in hydrological and climatological time series (e.g. Douglas et al. 2000 , Birsan et al. 2005 . The linear regression model is the most common technique of statistical diagnosis and forecasting in modern climate, and has been used to detect patterns in meteorological variables (Hameed et al. 1997 , Wei 1999 , da Silva 2004 . In our study, the linear trends in the series of ET ref were calculated by the least squares regression, and the estimated slopes were tested against the hypothesis of null slope by means of a two-tailed T test at the 95% confidence level (Serrano et al. 1999) . The M-K method is expressed as described below. Under the null hypothesis of no-trend, the time series of a variable has no change; the time series could be regarded as x 1 , x 2 , . . . , x n . For each term, m i is computed as the number of x i in the series whose values exceeded x j (1 ≤ j ≤ i). The test statistic is calculated as follows:
Assuming that the series is random and independent, the expected value E(d k ) and variance of d k may be shown as follows:
We define:
The terms of
The null hypothesis of no trend will be rejected at a confidence level of α if the standard normal probability Pr(|u|
Applying the method to the inverse series, m i is computed as the number of x i in the series whose values exceeds x j (i ≤ j≤ N). When i = N − 1 + i and m i = m i , we could obtain the series of u(d k ) as follows:
The terms of u(d k ) (1 ≤ k ≤ n) constitute curve C 2 . If C 1 exceeds the confidence line ±1.96 (P = 0.05), it means that there is a significant upward or downward trend in the series. Based on this, if the intersection point of curves C 1 and C 2 is between the two confidence lines, we can consider that abrupt climate change takes place at that point (Fu and Wang 1992) .
Sensitivity analysis
As a synthetic climatic variable, ET ref , reflects the combined effects of many climatological factors. Sensitivity analysis is important to understand the relative importance of climatic variables to the variation of ET ref (Xu et al. 2006a) . A simple but practical way of sensitivity analysis is to calculate and plot the relative changes of an input variable against the resultant relative change of the output variable as a curve (Goyal 2004 , Gong et al. 2006 , Xu et al. 2006a . Then the corresponding relative change of the outcome can easily be read from the sensitivity curve for a certain relative change of the variable.
In this study, seven scenarios are generated for each meteorological variable using equation (11):
where X is the meteorological variable and t is the time in day.
RESULTS AND DISCUSSION
Spatial distribution of seasonal and annual reference evapotranspiration
The spatial distributions of seasonal and annual ET ref are plotted in Fig. 3 , which reflects the combined effects of meteorological variables in different regions. The results are as follows: The spatial distribution of ET ref , combined with land cover and soil water content, has been used to estimate the ecological water requirement (Yang et al. 2005) , which can provide more valuable information for water resources planning and management at the basin scale (Xu et al. 2006a , Liu et al. 2010 . 
Trend analysis of annual reference evapotranspiration
The (Fig. 4) . -1970, 1971-1980, 1981-1990, 1991-2000 and 2001-2006 were 26, 24, 14, 25 and 6, respectively. From east to west, the mean elevation in the lower, middle and upper regions is 677, 1403 and 3693 m a.s.l., respectively, which may influence the variations in regional climate; furthermore, the variation in the vegetation, presenting obvious regional characteristics, has an important influence on the regional climate (Li and Yang 2004) . In addition, the Asian monsoon influences the meteorological conditions in different regions of the YRB (Ye and Gao 1979, Cui et al. 2006) , and the Tibetan Plateau, in particular, plays an important role in forming and inducing the variations in regional weather and climate in the YRB (Liu and Yin 2002) . Xu and Ma (2009) noted that, influenced by the global climate changes, the East Asian summer monsoon intensity had changed significantly in the past 50 years, leading to a response by the water cycle of the YRB. All these factors can result in regional characteristics in the meteorological variables, e.g. decreasing trends from east to west presented by precipitation in the YRB (Liu et al. 2008) . Figure 7 shows the results of the least-squares analysis. Thirty-eight stations showed a negative trend of ET ref , with an average annual increase of -1.7 mm year -2 , while 51 stations had a positive trend, with an average annual change of 1.2 mm year -2 . Significant increasing trends (P = 0.05) in air temperature have been reported by Liu et al. (2010) . The causes for the decreasing trends in pan evaporation and ET ref with the increases in air temperature have been explored by several researchers (e.g. Roderick and Farquhar 2002 , Roderick et al. 2007 , 2009a . In China, some studies also have been performed to reveal this problem (e.g. Xu et al. 2006b , Cong and Yang 2008 , Liu et al. 2010 
Significant trends
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